Pathological study of tissue disorders has generally relied on morphological techniques, initially by light and, more recently, by electron microscopy. Important as these techniques are for diagnosis, they are essentially qualitative and provide little information on the functional status of the cells or of their individual organelles. In order to overcome these objections and to explore further the pathogenesis of disease mechanisms at a subcellular level, I1 have adopted a new quantitative biochemical approach to the study of tissue pathology. This approach combines a technique for analytical subcellular fractionation to separate the individual organelles with enzymic microanalysis to assay the activity of their marker enzymes and thereby to obtain quantitative information on the functional integrity of the organelles. It has a general applicability to all fields of pathological investigation where biopsy samples can be obtained. In this review I have considered mainly hepatic tissue and have further limited the Accepted for publication 3 September 1980 discussion to a particular group of disorders. The general principles of organelle separation by sucrose density gradient centrifugation will be considered; the technical problems encountered, and the specialised equipment employed to overcome them, and the properties of the principal hepatic organelles will be described. The application of this approach will then be illustrated by studies on hepatic lysosomal disorders. Subcellular separation of the organelles is superior with this type of rotor. These rotors can be used in either the isopycnic or isokinetic modes, when the organelles are separated on the basis of, respectively, differences in density or size. Figures 1 and 2 illustrate the principles of these techniques in the zonal rotor. For routine purposes and in the examples to be described in this review, isopycnic centrifugation is used as the separations are more reproducible and the spread of densities of individual organelles is considerably less than the distribution of their sizes. Unfortunately, none of the zonal centrifuges that are commercially available are suitable for use with milligram amounts of tissue; they were developed for processing up to 10 g quantities of material, having chamber volumes of approximately I litre. I was fortunate in having the facilities to construct the small-volume automatic zonal centrifuge and associated equipment described by Henri Beaufay of Louvain. This rotor has a volume of 35 ml and therefore is particularly suitable for processing biopsysized fragments of tissue. In addition, it has specific features which minimise organelle damage, separating them in as short a time as 10 minutes, and gives complete recoveries of the various cell components. Figure 3 shows the rotor and filling unit aligned on the laboratory bench and illustrates how the filling unit can be engaged to the rotor cone by means of a gas-tight clutch. Figure 4 shows diagrammatically the different parts of the rotor and the associated equipment.
Having collected from the rotor a series of density gradient fractions, the distribution of the various organelles is determined in these fractions. Although ultrastructural examination of the fractions has been performed in order to assess the appearance of the isolated organelles, measurement is best performed by enzymic analysis. Again, because of the small amounts of tissue used and because of the dilution that occurs during the centrifugation procedure, it has been necessary to adopt highly sensitive assay procedures.2-4 Fluorigenic and radiolabelled sub-4
Fig. 3 Beaufay rotor and associated filling unit showing their relationship with the clutch-seal disengaged during high-speed centrifugation. During loading and unloading at low speed the clutch-seal assembly is mated to the rotor cone.
strates have been used and, in certain instances, we have been forced to use marker enzymes for which there are suitably sensitive assays rather than the conventional organelle markers. Where necessary, these have been checked by studies on large biopsy specimens obtained at surgery.
Analytical subcellular fractionation of control human liver The fragments of hepatic tissue are gently homogenised in 3 ml isotonic sucrose. Routinely, 1 mM Na2 EDTA is added to minimise enzyme inhibition and 20 mM ethanol to stabilise the catalase content of the biopsy specimen.5 A lowspeed centrifugation step is usually included to sediment undisrupted cells and nuclei, and the postnuclear supernatant is injected into the rotor. More recently, after studies with rat liver,6 we have been fractionating the whole homogenate in a single step. Additional information on the properties of the nuclei can be obtained but, more importantly, sheets of plasma membrane which would normally sediment with the low-speed pellet can be studied in the gradient, and thus the enzyme distributions in these studies more closely reflect the plasma membrane properties of the whole biopsy specimen. This fractionation of whole homogenates considerably speeds up the processing time, and it is especially important in cells with marked regional variation in Figure 5 shows the distribution in the gradient of the marker enzymes for the principal organelles of human liver. These include: mitochondria, particulate malate dehydrogenase; peroxisomes, particulate catalase and D amino acid oxidase; lysosomes, N-acetyl-/3-glucosaminidase; endoplasmic reticulum, neutral a-glucosidase; cytosol, dehydrogenase; plasma membrane, 5'nucleotidase.
Some comments are necessary on the individual organelles. Malate dehydrogenase has a dual intracellular location within the cell and is found in both the cytosol and mitochondria. This enzyme is used as a marker because it is present at high concentrations within the cell, and a highly sensitive fluorimetric assay is readily available. Using surgical specimens, the distribution of succinate dehydrogenase, a more specific mitochondrial marker, closely follows that of particulate malate dehydrogenase.9 10 Lactate dehydrogenase is traditionally used as a marker of the cytosolic fraction, largely because it is present in large amounts and is readily assayed, but it is a rather unsuitable marker in human liver because much of the activity is particulate. This is probably due to ionic adsorption to membrane components as it can be readily desorbed from these membranes if low concentrations of 32 The studies in patients with iron overload are of interest. Three of the four acid hydrolases are elevated; f-glucuronidase activity is, however, normal. This may indicate little accumulation of iron in the Kupffer cells, which are rich in this enzyme. 10 16 33 This conclusion is in contrast to the classical pathological teaching that in primary haemochromatosis iron loading is predominantly in Table 1 Activity of lysosomal enzymes in human liver biopsy specimens A key factor of the lysosomal role in the pathogenesis of tissue damage is the maintenance of lysosomal membrane integrity. If, in spite of accumulating material, the membrane remains intact it is unlikely that leakage of degradative enzymes into the cell sap will occur. This concept was originally put forward as the 'suicide-bag' hypothesis,39 which, with modification, is still tenable. In order to investigate this hypothesis in human liver diseases it is necessary to determine the integrity of lysosomes in the cell extracts. This information can be obtained from inspection of the sucrose density gradient enzyme distributions or from measurements of latent lysosomal enzyme activities. Figure 10 compares the gradient distributions of the various organelle markers in control and ironoverloaded tissue. There are distinct differences in the distributions of both N-acetyl-/-glucosaminidase and fl-galactosidase. In the iron-loaded patients, very little enzyme is particle-bound, most of the activity remaining in the sample layer. This is because the fragile iron-laden lysosomes have lost most of their enzymes during the homogenisation and centrifugation procedures. Note, however, that the distributions of acid phosphatase and P-glucuronidase are unaffected. This is further evidence that they are located predominantly in a distinct population of lysosomes. Similar results are found in patients with untreated primary haemochromatosis. These abnormalities revert to normal after removal of the excess iron by venesection.28 Close inspection of the histograms reveals minor abnormalities in other organelles. There is a small loss of particulate malate dehydrogenase and catalase. This would be consistent with damage to mitochondria and peroxisomes, respectively, possibly due to the released lysosomal enzymes. Similar results are found when biopsy specimens from patients with primary haemochromatosis are studied, and the lesions are reversed by removal of the iron. Figure 11 compares the organelle marker enzyme distributions for a biopsy specimen from a child with Pompe's disease, a primary lysosomal storage disorder, with control tissue. Similar results are noted to those found in patients with iron overload. There is loss of sedimentable N-acetyl-3-glucosaminidase and 3-galactosidase with little effect on the other two acid hydrolases. Similarly, there is a decrease of mitochondrial and peroxisomal enzymes. It is known that in vitro lysosomal enzymes will rapidly impair mitochondrial function.40 It is therefore likely that in vivo release of lysosomal enzymes into the cytoplasm could similarly interfere with mitochondria with catastrophic effects on cell function. Note that the plasma membrane, 5'nucleotidase, and endoplasmic reticulum, neutral a-glucosidase, are unaffected. We thus formulate the hypothesis that in order that lysosomal storage diseases cause cell damage there must be increased fragility of the organelles with subsequent release of enzymes; a mere increase in enzyme activity alone is insufficient. Information on lysosomal integrity can, however, be obtained without recourse to complex centrifugation procedures. Two such methods are illustrated in Figure  12 . The fresh biopsy fragments are homogenised in isotonic sucrose and, by low-speed centrifugation, a post-nuclear supernatant (PNS fraction) is prepared. In the first technique the lysosomal suspension is assayed for latent lysosomal enzyme activity by incubating the suspension with buffered substrate in isotonic sucrose for short periods. The lysosomal membrane is impermeable to the substrate and therefore intralysosomal enzyme activity is not measured. Enzyme which has been released from the lysosomes (free activity) is readily assayable. Total enzyme activity in the suspension is determined by adding Triton X100, a detergent, to the buffered substrate which disrupts all the lysosomes, releasing their enzymic content into the incubation medium. The second method assays the lysosomal membraneassociated enzyme activity by subjecting the organelle suspension to high-speed sedimentation. The pellet is resuspended and assayed for enzyme activity in the presence of Triton X100. The percent sedimentable activity, like the percent latent activity, is a simple assay of lysosomal integrity. Table 2 shows the application of these methods to biopsy specimens from patients with putative lysosomal storage diseases. In Pompe's disease there is a marked loss of latent activity, and this is associated with tissue damage. Similarly, in haemochromatosis, reduced latent and sedimentable activity are associated with severe tissue damage. Note that the acid phosphatase-containing lysosomes are unaffected; similar conclusions are reached by sucrose gradient centrifugation (Fig. 10) 
